New evidence is provided regarding the direct effect of light on stomatal opening in the epidermis of the pea (Pisum sativwn L. var Little Marvel) leaf. Lght modulates the activity of a number of key enzymes involved in stomatal metabolism. When Isolated epidermal strips are illuminated, phosphoenolpyruvate carboxylase, NADP-malate dehydrogenase, and NADP-isocltrate debydrogenase are activated; and aspartate aminotransferase is inactivated. Sulfhydryl compounds, dithiothreitol and glutathione, enhance stomatal opening in epidermal strips both in lght or darkness while the sulHhydryl reagent N-ethylmaleinide hibits, inUcating the possible involvement of sulihydryl groups in stomatal movements. Further, light treatment increases measureable thiol levels in the epidermis about 3-fold. These results suggest that lght modulation of enzymes in the epidermis may play a significant role in the mechanism of stomatal movement.
Stomatal movements are caused by changes in guard cell turgor arising from the movement of K+ and H+ (11, 13) with electroneutrality being maintained by movement of C1-or internal production of malate (1, 16) . The occurrence of wider stomatal opening with increasing light intensity and of smaller apertures in the dark than in the light has been known for some time (4) . Sharkey and Raschke (19) measured the magnitude of the direct and indirect effects of light on stomatal movement. The stomatal response to light was determined to be a direct response to light and, to a small extent only, a response to changes in intercellular CO2 concentration.
The presence of both photosystems in guard cell chloroplasts was shown by the elegant experiments of Outlaw (13) . Because the reductive step enzyme of the photosynthetic carbon reduction cycle (NADP-linked glyceraldehyde-3-P dehydrogenase) is absent in guard cells, Outlaw (13) suggested that noncyclic photosynthetic electron flow is an environmental sensor which causes stomata to remain open in light. It was further pointed out that one of the important physiological changes associated with H20 oxidation by photosynthetic electron transport might be the modulation of enzyme activity in the guard cells.
Light modulation of the activity of the enzymes of photosynthetic carbon metabolism has been shown to occur in C3, C4, and CAM plants (2) . The enzymic equipment for malic acid carboxylation and decarboxylation as well as its compartmentation in guard cells shows many similarities with those of C4 3Address reprint requests to this author.
plants (5, 6, 13, 17, 24, 27) . The synthesis of malic acid and its catabolism in the starch-containing system of guard cells has been demonstrated to be a response to K+ induced H+ extrusion (16) .
The purpose of the present study was to investigate the possible involvement of light modulation of enzyme activity in light-mediated stomatal opening in the epidermis of pea leaves. Donkin and Martin (6) except that DTT was not included in the assay mixture.
MATERIALS AND METHODS
NADIP" specific malate dehydrogenase (EC 1.1.1.37) was measured as described by Willmer et aL (27) . NADP+ specific isocitrate dehydrogenase (EC 1.1.1.42) was assayed according to the method of Ochoa (12) . L-Aspartate:a-ketoglutarate aminotransferase (EC 2.6.1.1) was measured by couplinig to NAD-malate dehydrogenase (18) . Change in A was followed on Cary 219 or 210 recording spectrophotometers.
Potassium Detennination. K+ content was estimated by a slight modification of the methods described by Fischer (7) . The stain for potassium was prepared by dissolving lO g of sodium cobaltinitrite in 25 ml of 7% glacial acetic acid. After the incubation period, the strips were floated on distilled H20. All of the above steps were carried out in an ice bath. The strips were then placed in a 1:1 mixture of ammonium sulfide and 50% glycerin for 1 min, washed in distilled' H20 twice, and mounted on a glass slide in glycerin. The (Fig. 1, A-C) . There was more stimulation of stomatal opening at 3 h after incubation than at 2 h. Sulfhydryl compounds such as DTT and GSH stimulated the stomatal opening process appreciably after 3 h of incubation in light or darkness. Conversely, the sulfliydryl reagent N-ethylmaleimide inhibited the stomatal opening process in light or darkness, but the inhibition was greater in the light (Fig. 1, A-C) . Histochemical estimation ofpotassium indicated higher potassium levels in the guard cells of the epidermal strips incubated in the light than in darkness (Fig. 1, D and E) . Incubation of epidermis with sulihydryl compounds enhanced potassium uptake into the guard cells while sulfhydryl reagents inhibited potassium uptake (Fig. 1, D and E ).
There was a marked increase (up to 329%o) in the free thiol content when the epidermis was illuminated (Table I) in mesophyll of C4 plants is consistent with the similarities in malate metabolism in C3 epidermis and C4 and CAM leaves (5, 6, 13, 17, 24, 27) . Light modulation of enzyme activity involves the generation of membrane bound vicinal dithiol groups within the chloroplasts, apparently by reduction of disulfide bonds (2) . The effect of light can be mimicked by DTT (2) . If DTT can mimic the effect of light, we would expect a good stimulation of stomatal opening in darkness by DTT. We did observe a marked stimulation of stomatal opening by DTT and by GSH in darkness. Further, the membrane-permeable N-ethylmaleimide (9) inhibited stomatal opening. Stimulation of stomatal opening and the increase of PEP carboxylase activity in darkness by DTT is consistent with the effect of light being via light modulation of enzyme activity. In the case of the epidermis, GSH also seems to have a definite effect on stomatal opening and light modulation of enzymes. It is possible that there may be additional thiol involvement in stomatal movement. When we estimated the free thiols in the illuminated and darkened epidermis, the SH content of the epidermis was increased about 3-fold in light (Table I) . Slepchenko (22) determined the content of sulfhydryl groups in guard cells by using various histochemical methods and speculated that labile sulfhydryl groups might be involved in stomatal function. The present investigation clearly demonstrates the involvement of free suflifydryl groups in the mechanism of stomatal movement. Very recently, Slovacek and Vaughan (23) have shown that there is a marked increase in stromal thiol groups in irradiated intact chloroplasts.
The unexpected finding that the Calvin-Benson Cycle is absent in guard cells (13) caused researchers in stomatal metabolism to question the photochemistry of the guard cells. Guard cell chloroplasts possess both photosystems (13) and are capable of linear light-driven electron transport (28) . This makes guard cell chloroplasts the only chloroplast-type known which has both PSII and PSI while lacking NADP-glyceraldehyde-P dehydrogenase. The pbotosystems might provide guard cells with a sensitive measure of continued presence of PAR, and this signal might be processed by maintainance oflight-sensitive membrane hyperpolarization or by activation of a key enzyme (13) . We present here experimental evidence for the involvement of light modulation of enzyme activity in stomatal opening. Raschke (14) proposed that the malate level in the cytoplasm of (26) and Vlciafaba (16) , and 2.6-fold in Tulipa gesneriana (15, 20 (19) and Outlaw (13) suggest that light absorbed by the guard cells itself adds to the stomatal opening stimulus. Inasmuch as photosynthetic electron transport occurs in guard cell chloroplasts (13, 28) , it supplies reducing equivalents for the modulation ofmalate production through light activation of the key enzymes in guard cells.
